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Introduction 

We  previously  reported  the  discovery  of  an  endothelial  cell-specific  gene  product, 
vascular  endothelial  cell  growth  inhibitor  (VEGI;  TNFSF15),  which  exhibits  20%-30% 
sequence  homology  with  the  tumor  necrosis  factor  superfamily  (1,2).  VEGI  mRNA  was 
found  in  many  normal  adult  tissues,  suggesting  a  physiological  role  for  this  unique  gene 
in  the  maintenance  of  the  normal  vasculature  (3).  We  demonstrated  that  VEGI  is  a 
potent  and  specific  inhibitor  of  endothelial  cell  growth  (1-3).  VEGI  exhibits  two 
distinctly  different  activities  on  endothelial  cells:  growth  arrest  of  G0/G1  cells  and 
apoptosis  of  proliferating  cells  (4).  These  findings  suggest  that  VEGI  may  have  an 
important  role  in  the  regulation  of  vascular  homeostasis. 

There  are  three  differential  splicing  variants  of  VEGI  (4).  The  VEGI  gene 
product  we  initially  described  is  a  protein  composed  of  174  amino  acids  (1,2). 
Hydrophobic  analysis  predicted  VEGI- 174  to  be  a  type  II  transmembrane  protein  with 
residues  29-174  comprising  the  extracellular  domain,  similar  to  most  TNF  family 
members  (5).  Recombinant  VEGI  comprising  only  the  putative  extracellular  domain 
exhibited  an  effective  inhibitor  of  endothelial  cell  proliferation  in  culture.  Full-length 
VEGI- 174  was  found,  however,  to  have  no  effect  on  tumor  growth  when  overexpressed 
in  cancer  cells  (2),  suggesting  that  VEGI- 174  was  retained  by  the  cancer  cells.  On  the 
other  hand,  a  secretable  fusion  protein  comprising  a  secretion  signal  peptide  and  the 
putative  extracellular  domain  of  VEGI- 174  (sVEGI)  was  able  to  inhibit  tumor  growth 
when  overexpressed  in  cancer  cells  (2).  These  findings  indicate  that  a  solubilized 
extracellular  domain  of  VEGI  is  responsible  for  its  biological  activity.  We  further 
determined  the  structure  of  the  human  VEGI  gene  and  discovered  two  new  isoforms, 
VEGI-251  and  VEGI- 192  (3).  All  three  isoforms  exhibit  an  endothelial  cell-specific 
expression  pattern  similar  to  that  of  the  initially  discovered  VEGI- 174.  These  isoforms 
differ  in  their  N-terminal  regions  but  share  a  151-amino  acid  residue  domain.  VEGI-251, 
the  most  abundant  isoform,  is  a  secreted  protein.  Overexpression  of  VEGI-251  causes 
endothelial  cell  apoptosis  and  inhibition  of  tumor  growth. 

We  evaluated  the  anti-cancer  activity  of  VEGI- 192  using  a  Lewis  lung  cancer 
murine  tumor  model.  Systemic  delivery  of  the  protein  preparation  gave  rise  to  a  marked 
inhibition  of  the  tumor  growth.  The  treatment  led  to  in  specific  elimination  of  endothelial 
cells  but  not  vascular  smooth  muscle  cells.  Furthermore,  we  found  that  a  prominent 
basement  membrane  “sleeve”  of  the  existed  vascular  structure  persisted  in  the  tumors. 
These  findings  are  consistent  with  the  view  that  VEGI- 192  prevents  neovascularization 
but  has  no  effect  in  triggering  the  destruction  of  existing  vasculature. 

Body 

Inhibition  of  established  tumors:  We  determined  the  anticancer  activity  of  recombinant 
VEGI- 192  with  a  Lewis  lung  cancer  (LLC)  murine  tumor  model,  using  immunologically 
intact  C57BL  black  mice.  Subcutaneously  implanted  LLC  cells  formed  rapidly  growing 
tumors.  We  treated  the  tumor-bearing  animals  by  either  topical  administration 
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(intratumoral,  IT)  or  systemic  administration  (intraperitoneal,  IP).  We  first  determined 
the  impact  of  the  systemically  administered  recombinant  VEGI-192  (5  mg/Kg)  on  tumor 
formation  rate.  We  found  that  IP  administration  of  VEGI-192  at  the  time  of  the  cancer 
cell  inoculation  resulted  in  a  marked  inhibition  of  tumor  in-take  rate  (Figure  1  A).  When 
the  tumor  volumes  were  assessed  on  day  5  post  inoculation,  all  the  animals  in  the  vehicle- 
treated  group  had  developed  subcutaneous  tumors  (5/5  or  100%),  with  a  mean  volume 
(+/-  SD)  of  35  mm3,  whereas  about  one-half  of  the  VEGI-treated  group  exhibited 
measurable  tumors  (2/6  or  33%),  and  the  tumor  volumes  were  much  smaller.  The  results 
indicate  that  systemic  administration  of  VEGI  led  to  retardation  of  tumor  formation  by 
the  cancer  cells. 

We  then  determined  the  ability  of  VEGI-192  to  inhibit  the  growth  of  established  tumors. 
In  one  experiment,  the  treatment  was  initiated  at  an  early  time  when  the  tumors  were 
palpable  (Figure  IB).  The  animals  were  treated  on  day  5,  day  9,  and  day  12  by  IP 
administration  of  VEGI-192  (5  mg/Kg).  The  control  group  was  treated  with  vehicle.  A 
significantly  slower  tumor  growth  rate  was  observed  for  the  VEGI-treated  group.  In 
another  experiment,  the  treatment  was  initiated  when  the  tumors  reached  about  5%  of  the 
body  weight  (Figure  1C).  The  animals  were  treated  two  times  at  a  dosage  of  5  mg/Kg  on 
day  1 1  and  day  14  post  tumor  inoculation.  We  observed  about  60%  decrease  of  the 
tumor  growth  rate  within  one  week.  Comparable  inhibition  of  the  tumor  growth  rates 
were  obtained  using  either  IT  or  IP  treatments.  These  data  strongly  suggest  that 
systemically  delivered  VEGI  was  able  to  inhibit  the  growth  of  established  tumors. 

Specific  eradication  of  endothelial  cells  in  tumor:  We  determined  the  impact  of  systemic 
treatment  of  the  LLC  tumor-bearing  mice  with  VEGI  on  the  abundance  and  structure  of 
the  tumor  blood  vessels.  Freshly  frozen  tumors  were  sectioned  and  subjected  to 
immunostaining  for  endothelial  marker  CD3 1  (red)  and  smooth  muscle  cell  antigen-a 
(SMA-a)  (green)  ( Fig  2A,  2B).  We  then  analyzed  15  fields  on  each  slide  that  contained 
the  most  number  of  microvessels  (“hot  spots”)  by  computer-assisted  image  analysis.  The 
densities  of  the  red  or  green  pixels  per  field  (400x  magnification)  were  determined 
(Figure  2C).  The  results  indicate  a  specific  elimination  of  endothelial  cells  in  tumor 
blood  vessels.  The  density  of  the  endothelial  cells,  measured  as  the  total  pixels  occupied 
by  CD31 -positive  cells,  exhibited  an  88%  decrease  within  one  week  of  treatment,  and  a 
further  decrease  within  three  weeks.  Interestingly,  the  number  of  the  smooth  muscle  cells 
remained  relatively  unchanged.  As  a  result,  the  ratio  of  endothelial  cells  to  smooth 
muscle  cells  decreased  markedly  in  VEGI-treated  tumors,  changing  from  1.8  to  0.4  and 
1.8  to  0.15  after  the  animals  had  been  treated  for  one  or  three  weeks,  respectively.  We 
carried  out  a  similar  immunostaining  for  another  endothelial  cell  marker,  CD  105,  and 
obtained  identical  results  (data  not  shown).  These  results  indicate  that  the  antiangiogenic 
activity  of  VEGI  caused  specific  eradication  of  tumor  vascular  endothelial  cells. 

Persistence  of  vascular  smooth  muscle  cells  in  tumors  after  elimination  of  endothelial 
cells:  Interestingly,  we  found  that  vascular  smooth  muscle  cells  persisted  for  the  duration 
of  the  experiment  after  the  endothelial  cells  were  eliminated  (Figure  7).  The  lumens  of 
some  of  the  tumor  vasculature  appeared  to  be  somewhat  maintained.  This  raised  the 
possibility  that  the  tumor  blood  vessels  with  good  smooth  muscle  cell  support  may  have 
retained  some  residual  function  after  most  of  the  endothelial  cells  were  no  longer  present. 
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This  finding  suggests  that  the  tumor  blood  vessels  whose  endothelial  cell  lining  has  been 
eradicated  may  still  perform  certain  functions  to  support  circulation  in  the  tumors.  It  is 
also  plausible  that  the  remaining  vascular  smooth  muscle  cells  may  provide  a  framework 
for  the  repair  of  damaged  blood  vessels  by  endothelial  progenitor  cells.  This  finding  may 
have  important  implications  in  clinical  settings  where  an  anticancer  drug  is  used  in 
combination  with  an  antiangiogenic  agent. 

Presence  of  residual  vascular  structures  in  VEGI-treated  tumors:  Prompted  by  the 
persistent  existence  of  smooth  muscle  cells  in  the  tumors  of  VEGI-treated  animals,  we 
investigated  the  residual  vascular  structure.  Initially  we  found  that,  unlike  the  lumens  of 
the  blood  vessel  in  the  vehicle-treated  tumors  which  were  always  lined  by  endothelial 
cells  (Figure  3A),  there  were  spaces  in  the  VEGI-treated  tumors  that  contained  red  blood 
cells  but  were  not  lined  by  endothelial  cells  (Figure  3B).  We  then  determined  whether 
these  spaces  were  residual  blood  vessels  that  were  depleted  of  endothelial  cells.  This  is 
accomplished  by  immunostaining  for  collagen  IV,  a  major  component  of  the  basement 
membrane  of  a  blood  vessel  (McDonald).  We  found  that  the  basic  structure  of  the  tumor 
vasculature  remains  nearly  intact  even  when  the  endothelial  cells  were  nearly  completely 
eliminated  by  VEGI  treatment  (Figure  3C),  as  compared  with  the  readily  detectable 
endothelial  cells  that  were  associated  with  the  blood  vessel  basement  membrane  in  the 
vehicle-treated  tumors  of  the  control  group  (Figure  3D).  These  basement  membrane 
structures  were  often  accompanied  by  smooth  muscle  cells  regardless  whether  the  tumors 
were  treated  with  VEGI- 192  (Figure  3E)  or  vehicle  (Figure  3F).  The  appearance  of  these 
residual  vessels  was  not  distinguishable  from  those  seen  in  the  untreated  tumors,  with  the 
only  difference  that  the  vascular  structures  in  the  untreated  tumors  contain  endothelial 
cells.  These  results  indicate  that  a  residual  vascular  structure  consisting  of  basement 
membrane  and  smooth  muscle  cells  exists,  at  least  for  the  duration  of  the  experiment, 
after  endothelial  cells  are  removed  from  these  tumor  vessels. 
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Figure  1:  Inhibition  of  Lewis  lung  cancer  tumor  formation  and  growth.  Panel  A: 
Inhibition  of  LLC  tumor  formation.  LLC  cells  (2x10s  per  injection  per  animal)  were 
inoculated  on  the  flank  of  a  C57BL  black  mouse  on  Day  0.  The  animals  were  treated 
with  recombinant  VEGI-192  (20  mg/kg)  immediately  following  cancer  cell  inoculation. 
The  treatment  was  repeated  daily  until  Day  4  when  the  tumor  volumes  were  determined. 
Asterisks:  T-test,  p<0.002  (untreated,  n=5;  treated,  n=6).  Panel  B:  Inhibition  of  the 
growth  of  newly  implanted  LLC  tumors.  LLC  cells  (2x10s  per  injection)  were  inoculated 
on  the  flank  of  a  C57BL  black  mouse  on  Day  0.  Recombinant  VEGI  (20  mg/kG)  was 
given  on  Days  5,  9,  and  12  (arrows)  by  intraperitoneal  (IP)  injection.  Tumor  volumes 
were  measured  immediately  prior  to  VEGI  treatment.  Asterisks:  T-test,  p  <  0.05  (treated 
groups  n  =  9,  untreated  group  n  =  9).  Panel  C:  Inhibition  of  the  growth  of  established 
LLC  tumors.  LLC  cells  (2x10s  per  injection)  were  inoculated  on  the  flank  of  a  C57BL 
black  mouse  on  Day  0.  Recombinant  VEGI  (20  mg/kG)  was  given  on  Day  1 1  and  Day 
14  (arrows)  by  either  intratumoral  (IT)  or  intraperitoneal  (IP)  injection.  Tumor  volumes 
were  measured  on  Day  15  and  Day  18.  Asterisks:  T-test,  p  <  0.05  (treated  groups  n=9, 
untreated  group  n=9). 
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Figure  2:  Specific  elimination  of  endothelial  cells  by  VEGI  in  LLC  tumors.  Tumors 
were  retrieved  at  the  end  of  the  experiment  (3  weeks)  from  VEGI-treated  animals  and 
vehicle-treated  controls  and  processed  as  described  in  Methods.  Sections  of  the  tumors 
were  subjected  to  fluorescent  immunostaining.  Endothelial  cells  and  smooth  muscle  cells 
were  identified  with  specific  markers  CD3 1  (red)  and  SMA  (green),  respectively.  Panel 
A:  Image  of  a  typical  tumor  section  from  VEGI  treated  group;  magnification,  200x. 

Panel  B:  Image  of  a  typical  tumor  section  from  vehicle-treated  group;  magnification, 
200x.  Panel  C:  Quantitative  analysis  of  red  and  green  areas  of  the  images  of  the  tumors. 
White  bars,  CD31 -positive  endothelial  cells.  Black  bars,  SMA-positive  smooth  muscle 
cells.  Asterisks,  T-test,  p  <  0.01  between  vehicle  and  VEGI  treated  groups  for  CD31 
staining  (5  animals  per  group;  15  areas/section  analyzed). 
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Figure  3:  Presence  of  residual  vascular  structures.  Sections  of  LLC  tumors  from  VEGI- 
or  vehicle-treated  animals  were  subjected  to  immunostaining  in  order  to  identify 
endothelial  cells  (CD31),  smooth  muscle  cells  (SMA)  and  blood  vessel  basement 
membrane  (collagen  IV),  indicating  the  existence  of  “ghost  vessels”  in  VEGI-treated 
LLC  tumors..  Panel  A:  Image  of  a  typical  vehicle-treated  tumor  section  showing  CD31- 
positive  vessels  (brown),  magnification,  lOOOx.  Panel  B:  Image  of  a  typical  VEGI- 
treated  tumor  section  showing  lumen-like  spaces  with  red  blood  cells  but  lacked  CD31- 
positive  endothelial  cells;  magnification,  lOOOx.  Panel  C  and  C’  (inset):  Images  of 
typical  VEGI-treated  tumor  sections  with  CD3 1  (green)  and  collagen  IV  (red)  double- 
staining;  notice  the  lack  of  CD31+  endothelial  cells  in  the  lumen-like  space  lined  by 
collagen  IV  demonstrated  in  C’.  Panel  D  and  D’  (inset):  Images  of  typical  sections  of 
VEGI-treated  tumors  with  SMA  (green)  and  collagen  IV  (red)  staining;  notice  the 
presence  of  smooth  muscle  cells  in  the  inner  boarders  of  the  lumen-like  structures.  Panel 
E  and  E’  (inset):  Images  of  typical  vehicle-treated  tumor  sections  with  CD31  (green)  and 
collagen  IV  (red)  staining;  notice  the  presence  of  endothelial  cells  (CD31+)  in  the  vessel 
walls.  Panel  F  and  F’  (inset):  Images  of  typical  vehicle-treated  tumor  sections  with  SMA 
(green)  and  collagen  IV  (red)  staining;  notice  the  presence  of  smooth  muscle  cells  in  the 
vessel  walls.  Blue  staining,  cell  nuclei.  Magnification  for  C,  D,  E,  and  F:  200x. 
Magnification  for  C’,  D’,  E’  and  F’:  lOOOx. 
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Key  Research  Accomplishments 

Our  data  strongly  suggest  that  VEGI  is  a  potentially  valuable  anticancer  agent  as  it  is 
capable  of  eliminating  angiogenic  endothelial  cells  in  tumors  when  systemically 
administrated  to  LLC  tumor-bearing  animals.  In  addition,  our  findings  support  the  view 
that  residual  vascular  “sleeves”  consisting  of  smooth  muscle  cells  and  blood  vessel 
basement  membrane  may  continue  to  exist  in  the  absence  of  endothelial  cells.  Future 
direction  of  the  research  should  be  to  determine  whether  the  residual  vascular  structure  is 
functional  in  supporting  tumor  circulation,  and  whether  it  provides  a  scaffold  for  the 
repair  of  the  tumor  vasculature  damaged  by  antiangiogenic  agents  that  eradicated 
endothelial  cells. 

Reportable  Outcomes 

US  Patent  filing  US2002/037426 

Conclusions 

We  demonstrated,  by  using  the  murine  Lewis  lung  carcinoma  model,  that  systemically 
delivered  recombinant  VEGI  exhibited  potent  inhibitory  activity  on  tumor  formation  as 
well  as  tumor  growth.  In  one  experiment,  we  waited  until  the  tumor  sizes  reached  about 
5%  of  the  body  weight  before  the  animals  were  treated  with  systemically  delivered 
recombinant  VEGI.  A  substantially  retarded  growth  of  the  tumors  were  observed  for  the 
treated  group  during  the  period  of  about  one  week  following  the  treatment,  as  compared 
to  the  tumor  growth  rate  of  the  untreated  group.  This  result  is  highly  significant  because 
similar  inhibition  of  tumor  growth  was  obtained  when  VEGI  was  injected  directly  into 
the  base  of  the  tumors,  suggesting  that  the  effect  of  VEGI  was  systemic.  In  another 
experiment,  we  treated  the  animals  with  recombinant  VEGI  at  the  time  when  the  cancer 
cells  were  implanted.  Again,  recombinant  VEGI  was  given  by  IP  injection.  Marked 
inhibition  of  tumor  formation  was  observed  with  the  treated  group  within  a  period  of  five 
days  following  VEGI  injection.  These  findings  suggest  that  recombinant  VEGI  is  a 
potential  therapeutic  agent  for  the  treatment  of  cancer. 
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